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Abstract

The problem of creating a hole for diver access through in the 4 t0 6
meters of ice covering lakes in Antarctica was proposed. After
researching possible methods including pressurized steam, heated
water jets, and burner systems and comparing energy and time
requirements, the burner system was determined to be the most
efficient. Assuming a melting efficiency of 50%, this design melts a
1.3 meter diameter hole through 4.2 meter of ice in 15.3 hours and
burns 314 pounds of propane.
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Introduction

The purpose of this project is to design a system to allow a diver access to the lakes beneath their
frozen surfaces in Antarctica. These scientists are interested in the microbial life found at the
bottom of these lakes. They believe that these microbes are similar to the earliest life on Earth and
may provide clues towards an understanding of the early evolution of life on this planet and
perhaps others.

Design Parameters

To allow access to the water below, it is necessary to create a hole through the ice. This ice can
reach depths of up to six meters, though for this project an average ice depth of 4.2 meters is
assumed. Also, the hole must be large enough to allow a diver and scuba gear to swim through.
A 1.3 meter diameter hole was determined to be an acceptable size.

Other parameters are:

1. The system must be environmentally clean. i.e.. Only minimal amounts of chemicals
may be added to the environment . (An unavoidable exception is exhaust fumes from
burning fuels.)

The lowest expected operating temperature is -50 °C(223K)

Time to melt should be less that 24 hours

Require little intervention by scientists

Total system weight should be less than 1600 pounds(790 kg)

Must be rather portable and easily maintained

The system should last approximately 2-3 years
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The Original System

The system now used is rather crude. It was put together from parts that were on hand during the
first expedition. A large coil of copper tubing is placed flat on the ice. Ethylene glycol (antifreeze)
is passed through a steam cleaner, which heats it, and is pumped through the copper coil. The
heated copper coil melts downward through the ice. Glycol was chosen over water as the transport
fluid for its lower melting temperature. If water was used and the steam generator quit (which it
did, often) the water in the hoses and coil would freeze solid.

As the heated coil melts its way through the ice, a small pump above the coil pushes the liquid
water through a hose up and out of the hole. This minimized the amount of heat lost directly to the
liquid water.
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Some Problems with The Present System
The known problems with this melter design are:

« It takes too long to melt a hole through the ice. It now takes up to 24 hours to melt one hole
through the ice. The new system should create a hole within 12 hours of choosing a site.

+ Sand is sometimes trapped in layers within the ice and since the sand is an insulator between
the coil and ice it must be removed by hand before melting can continue. The coil must be
lifted out of the hole so that someone can climb down hole to remove the sand. The new
system should be able to handle sand layers without requiring that the system be removed
from the hole.

« It requires constant attention. The steam cleaner quit often, as did the electrical generator.
Also, the coil had to be lowered by hand as the ice was melted because it tended to tilt as it
melted downwards.

- Some ice fields contain cracks. A hole is created in such an area will always be full of liquid
water. Itis impossible to pump the water out of the hole. The new system must take into
account the possibility of a “wet cut.”



Project Overview

The first step in this project was to define the problem as clearly as possible. A list of
requirements, or needs, for the system this system was developed. Then some specifications
were attached to these needs. An example of this is:

Need: Create a hole through the ice.
Specification(s): 1. Maximum ice thickness is 6 meters
2. Desired hole diameter is 2 meters

Once the problem had been defined, the initial research could be more easily carried out. This
research was primarily to provide the researches with background information on conditions in the
antarctic and the various methods now in use for creating holes in ice. After this research, a list of
possible methods for creating a hole in the ice sheet was compiled. The general methods found
were:

» Heat - Direct (Bumers)

+ Heat - External Fluid Flow (Water Jets)

« Heat - External Fluid Flow (Steam Jets)

» Heat - Internal Fluid Flow (Coils)

¢ Heat - Electrical Resistance

* Mechanical - Dnills, Augers

» Chemicals

 Explosives

Next, the advantages and disadvantages of each general category were listed and compared. This
allowed the removal of some methods which were either impractical for this application or

undesirable to use.

Further research into the remaining methods followed, including contact with companies who
make equipment which might have been applicable to this problem. This research, including some
preliminary calculations, removed all but one system from the list: Direct heating of the ice.



Discussion of the Various Systems Considered

Many other ways of creating a hole in the ice were considered besides the coil, water and burner
methods. Below are descriptions of each method and the reasons why each are inapplicable to this
problem.

Explosives

Explosives have the potential to create a large enough hole in a very short time, while also being
very small and light. On the other hand, they could also damage the balance of nature that the
scientists are trying to study. This removed explosives from the list immediately.

Chemicals

The use of chemicals was also another good idea. Certain solutions when mixed together create
large amounts of heat. A simple example is a hand held heat pad that snow skiers use. This
concept was rejected because of the possibilities of contamination or pollution represented by the
large quantities of chemical required.

Mechanical

The most obvious way to create a hole is to dig one. This is not a bad idea, but the largest hole that
can be made at the present using a one or two man auger is about 9 inches. To make one any
larger a system has to be flown in. The reason for this is that there is a great amount of torque and
something with a great deal af mass has to be used to withstand this torque. In this case,
something mounted on a truck could do the job and that is precisely the problem.

Electrical Resistance

Another good idea was to use electricity. A metal cylinder or metal something with a high
conductivity with a high amount of voltage running through it could be used. The problem with
this idea is that to feed this amount of energy to a system would require something the size of a
power plant.

Internal Fluid Flow - Coils

This was the original method used to create a hole in the ice. While it is probable that the efficiency
of this system could be improved dramatically, it was decided that other methods offered even
higher melting rates and efficiencies.

External Fluid Flow - Steam Jets

Steam would also be a great way to melt the ice for it has large amount of energy. The design fora
system using this energy source would not be complicated to make, however the same problem
becomes apparent. In order to make this system work a boiler needs to be used to vaporize the
water and a boiler to put out a high enough flow rate also is not portable. The calculations made by
John Muhlner for the hot water system led to the same result. A flow rate of 15 gallons a minute
was needed to allow for the system to be effective and the portable hot water heaters only put out 3
to 5 gallons a minute of hot water.



External Flow - Hot Water Jets

Curently, hot water drilling is being used in the Antarctica and is capable of penetrating a 20 cm
width by 50-200 m deep hole. This method is used to retrieve core samples from the ice. The idea
here is to use the same existing technology, i..; equipment, and to design an orifice that would
allow for ‘he required diameter hole. A hot water drill system consists of a water heater, water
pump, h..¢s to feed and recover water from the system. All of this equipment is commercially
available and the amount of time required to assemble the system is kept to a minimum.



Propane Infrared Burner Design

The most effective way to melt ice is to create the heat at the location it is needed. Originally, this
concept was to line the inside of a cavity with bare flames, similar to what is found in a gas kitchen
stove. This design later evolved into using infrared burners strategically placed on the inside of the
cavity facing downward. This is the concept presently being used in the design of the ice melter.

As was stated before, the original system is very slow and inefficient. Using the burner system,
the propane fuel is burned at the heating location and converted into the energy to melt the ice. This
effectively skips the intermediate steps in the original system.

The burner system also reduces the total number of devices required. The original system includes
the following pieces of equipment: copper coils, a steam cleaner, generators, steam hoses, garden
hoses, pumps, two barrels of fuel, fluid for the system, and a hurdy gurdy. The burner system,
on the other hand, requires the following: the enclosed cavity, a pump, lead weights, rubber
tubing, two blowers, a generator, and propane bottles. This procedure not only uses fewer
devices but also lessens the amount of time spent in preparation as well as time monitoring its use.

The fuel to be used is propane. Propane was chosen for its ready accessibility and relatively high
heat content. Propane has a rating of 2572 BTU/hr-ft3 and is one of the most widely used fuels.
However, propane does liquify at -42°C. This should not present a problem, though. If the
bottles are painted a dark color they will absorb a substantial amount of energy from the sun, thus
keeping the internal temperature well above propane’s freezing point. This has been tested by
researchers at Lockheed and is the process they use during the summer months in Antarctica to
keep propane in a gaseous state. If for any reason there are problems then the propane will have to
be pressurized using nitrogen. This is also a common practice by Lockheed researchers in the
Antarctica during the winter months when the temperatures are around -75 degrees C. More
Informaton on this process is accessible by contacting Jack Doolittle at Lockheed in Palo Alto,
California.

The propane sits on the surface in 80lbs bottles that hold 100lbs of propane each, thus the total
weight of a single full bottle is 180lbs. The possibility of using larger bottles that hold more gas
remains, however because these bottles are to be moved from place to place it might be favorable to
carry the smaller ones. Depending on a few specifications as well as the efficiency of the system
the amount of propane varies between 3 to 4 bottles.

The use of propane makes the entire operation a simple process. The propane is taken directly from
the bottle with the pressure controlled by a regulator. It is then mixed with air in a ratio of 1 to 10.
The air is supplied by a blower which also sits on the surface. The two fuel and air are mixed at a
T (See appendix) and the mixture is pumped to the burners in the enclosed cavity.

These burners are manufactured by Burdett Manufacturing Company in Illinois. The number 21
cup burners were chosen because of their size and performance. The infrared burners are efficient
in both heat ransfer and fuel consumption. They produce radiant and convective heat which are
absorbed by the lower wall of the enclosed cavity. The burners heat up the cavity to a certain
temperature and continue to radiate heat to the surface at a constant rate. The amount of heat
produced depends on the pressure of the gas mixture (fuel flow rate) as well as the opening of each
burner, both of which can be adjusted to increase efficiency.
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Number 21 Burdett Cup Bumner

The cavity encloses 18 of these infrared burners which are spaced evenly over the majority of its
surface area . A graph in showing the specs on the burners due to the different opening sizes and
pressures appears in the appendix. Each burner is three inches in diameter and about 3 inches in
height and is housed in a raised compartment which minimizes the total volume of the cavity. The
compartments could be connected by ignition tubes which could carry the flame from one burner to
another, which would make the lighting process much easier. These can be added if desired.
Behind all of this are the burner manifolds which are the tubes that take the propane and air mixture
to the burners. These tubes are one inch by one inch and are welded to the back of the cavity.
Holes will be drilled and threaded and the burners will then be screwed directly into them. These
manifolds, igniter tubes, and burners as well as the compartments that hold the later two are what
make up the majority of the top plate of the cavity. The arrangement of the burners and manifold
system is shown on the following page. This piece will be detachable for easy maintenance and
ignition of the burners, therefore a water-tight seal must be placed between the upper and lower
halves of the cavity. The top half should also be insulated to reduce the amount of heat escaping
upward.



Each circle represents a burner

Projected View of Burner and Manifold Layout

The lower section of the cavity is a modified cone as shown below. The cone shape will give
some directional stability to the system as it melts through the ice. It will also allow sand to flow
down into the 9 inch jiffy drilled hole. This cone will be made out of 1/4 inch stainless steel
because it is durable, can withstand intense heat, and has a high absorptivity of infrared radiation
(89% at 1000 degrees F). The total enclosed volume is minimized to reduce the buoyancy of the
system. The design at present weighs 303 lbs. The buoyancy of the melter, which is determined
by the mass of water that is displaced by the melter is 287 1bs. This is because the total enclosed

volume of 0.13 m3. The reason for this is that the burners have to be mounted from 4 to 6 inches
away form the surface it is heating. This design has the burners 5 inches away which makes a total

volume of the modified cone .275 m3.

Side View of Melter
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In order to keep the whole process a dry cut a pump will have to be used to lift out all the melted
ice. A submersible pump that works at cold temperatures as low as -50 degrees F at a rate of up to
19 gallons a minute can be purchased from Bruce Barton Pump Service in San Jose. It will be
mounted on the top plate and will pump the water as it flows into its concavity. A smaller one
could probably be used, however this should be considered after testing of the prototype as the
required pump rate has not been determined.

The electricity to power this pump as well as two air blowers will come from some sort of
generator. This could be the one already in use there or one that uses propane. Teledyne Energy
Systems in Timonium, Maryland makes a thermal generator that runs on propane. However, they
are expensive and may not be efficient enough for three systems to run on. This particular
generator should be researched further.

One of the air blowers previously mentioned will be used to keep fresh air circulating through the
cavity. The reasons for this are to keep the internal temperature steady, allow the burners to bumn
at an efficient rate, and help transport the products of combustion, carbon dioxide and water, out of
the cavity. The air, water, carbon dioxide, and excess heat will be exhausted through a number of
one way gas valves on the upper surface of the cavity .

Maintenance of this system should not be a problem since the burners are made to operate at
temperatures of 1000 degrees F. The refractories of the cups, however, are made out of a ceramic
material and may be prone to cracking or chipping. One way of minimizing this problem is to
transport the refractory cups separately from the melter. If a refractory cup does break, a
replacement is cheap as well as easy to install. It can be replaced by unscrewing the burner and
swapping the broken piece for a new one.

11



Heat Transfer To The Surface Of The Cone

The amount of heat that is transferred to the surface of the cone depends on the number of burners,
the type of burner, the rate at which they are burning, the temperature and pressure at which they
are burning, and the type of surface material.

For this design the #21 cup burner was chosen because it is relatively small and radiates heat in a
radially symmetric pattern. 18 of these burners cover most of the lower surface area of the cavity
(See Below). The fuel pressure will be adjusted to 6 inches of water column which allows 25,000
BTU per hour to be released by each burner. 40% of this energy is radiant heat and of that 89% of
it is absorbed by the stainless steel surface. The rest of the heat comes from the convection due to
the air that is circulating through the cavity. Maintaining the temperature at 1000 degrees F by
means of blowing 142 ft3/min of air results in 8,100 BTU/hour/ft3 transferred to the surface.
These calculations are shown in the appendix.

Bumer Radiant Heat Distribution
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Knowing the amount of heat transferred to the surface and the total amount of energy needed to
melt the ice, the amount of time the whole process takes can be calculated. An assumption for the
efficiency of the heat transfer to the ice had to be made at this point. It was assumed that 50% of
the heat going through the surface of the cavity would go into melting the ice. This is a very
difficult system to model as there are two phase changes (to liquid and to steam) as well as flows
related to those two phase changes. A numerical model for lower temperatures (i.e. non-boiling)
was derived for this system. The results of this model show that a 50% efficiency may be too
high. Actual testing of this system is suggested. Graphs of the efficiency versus the time and
amount of propane needed can found below.

Using a 50% efficiency, the system melts the ice in 15.3 hrs and uses 314 1bs of propane.
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Set-up and Use of the ice melter

After unloading the helicopter and dragging all the equipment to the appropriate spot, the system
can than be prepared for use. First, a jiffy drill hole should be made at the desired location to
within a few feet of the bottom of the ice. Then the top part of the cavity is opened and the 18
burners are screwed into the open compartments. The burners are much more likely to be broken
if they are transported in the enclosed cavity. A hose attaches the propane bottle to the mixing
system which includes the regulator, gas cock, and mixing T. One air blower is connected to the
mixing T and the other exhaust system of the cavity. Now, after gas and blowers are turned on the
burners are ignited, probably by a long-handled lighter. Then the top part of the cavity is securely
closed. The melter is put into position over the jiffy drill hole and left to begin melting. All that is
left 1o do is wait for the ice to melt and periodically check to see if all systems are going alright.

14



Conclusions and Recommendation

In order to melt ice many possible designs could be made, however for this system to be portable,
durable, lightweight, and fast working, as it needs to be for use in Antarctica , not many of these
will work. It is therefore recommended that the burner system be used because a much greater
efficiency can be attained by directing the heat straight to the ice surface and not through any
intermediate steps. This system assuming 50% efficiency will melt all the ice in 15.3 hours and
consume 3.14 bottles of propane. The melter itself weighs 303 pounds and the entire system 1433
pounds. If continued research and testing is completed then new designs of this system could be
made. By doing so there are greater possibilities of lowering the amount of weight, time and fuel
needed to melt the hole into the ice.

Future Work

Due to lack of time, there are still a few points that need to be looked into for the burner system
whether they are for this design or for one in the future. Some of these ideas are for this design
but others possibly could make this system more effective by increasing its efficiency. These ideas
include the water proof seal, insulation, gas valves, lead weights, pump, fins,
compressor/generator system, corrosion of materials, and line burners.

The seal the top plate makes with the surface area of the cone needs to be considered because of its
importance. The seal itself needs to be waterproof, the material that might be best would be some
kind of o-ring. Something this size should not be to much of a problem.

The top plate of the cavity should also be insulated. The reason for this would be to keep the
temperatures from getting too hot on its surface, so it can be touched when lifting it out of the hole.
Fiberglass is one idea but further research needs to be done to find the best material.

<t
In order to not have exhaust the air all the way at the surface, the use of {::e way gas valves could
be used. Two reasons why this should be done are one, no material besides metal can withstand
this kind of heat so a flexible tubing is out of the question and two, it might be possible to direct all
the heat coming out in exhaust into the center of the hole. To do this one way gas valves could be
used, but this needs to be looked into further.

Lead weights will be used to used to make the entire system heavy enough so that it will not float.
Trays to lay these weights on might be the best approach or possibly just putting shot into bags
might due the trick. This part of the design remains to be done.

As it stands now a pump is being used to lift out all the water in a dry cut. This, however might
not be necessary for the amount of heat that reaches the surface touching the ice remains the same.
The exhaust form the system possibly could keep the water warm and help also in melting the ice.

A future design possibility could also include fins on the surface area of the cone that touches the
ice. It would use the same concept that an amplifier uses to cool itself down. By using fins the
surface area could be made increased significantly and that would result in a larger amount of heat
transferred to the ice.

15



Instead of just using separate generator and blower systems, why not combine the two or three and
use a compressor/generator. A system of the sort could be purchased that would take care of all
these applications and this would cut down on the number of devices used as well as the weight.

One thing that needs to be checked is the corrosion properties of the metal used in the design.
How long and how durable is it at 1000 degrees F? The manufacturers at Burdett assured that this
would not be a problem but it should to confirmed. In case that it is a problem the temperature
could be lowered but this would in turn lower the efficiency of the system.

The last suggestion for future designs is the possibility of using line burners. The reason for this
is that they radiate 15 to 20% more radiant heat than the cup burners. The problem with using
them in this design is that they take up too much space. It would be difficult to arrange them in a
way to cover a large amount of the surface area and further more the volume would increase
resulting in a greater amount of weight needed to keep the system from floating.

16
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Notes on the "Ice Hole" project:
1. The power source is in general any two Skw generators we can get
that work. Usually this has been a battery start Niagra 5 made
by Generac. Itis Skw, 120 and/or 240 volts, single phase,
and is run by an 11 hp (@3600 rpm) Briggs and Stratten engine.
2. The weight of the current system is about the following:

Steam cleaner (with skids for ice) = ~4001bs

copper coil = ~100lbs

generators = ~1251bs (x2)

steam hoses (50ft) =~ 60lbs

garden hose =~ 15lbs

sump pumps (2-3) = ~ Slbs each

1 barrel kerosene =~ 4001bs (1 per hole melted)
1 barrel gasoline = ~ 4001bs (.75/hole)
Glycol = ~ 2001bs (20 gals)
plywood (4 sheets 4x8) =~ 150lbs

tools (plumbing) =~ 100lbs

hurdy gurdy (for pumping fuel) =~ 100lbs

3. The copper tubing is standard plumbing stuff ? ~3/4" [ think - I
don't
remember the inside diameter. Whatever we could find at the time.

4.  The hose used to transport the glycol soln. was steam rated hose - I
don't remember the specifics but it is pretty tough stuff and very
heavy

duty.
5. Setup=
A. Move all the equipment to melting site (like in film)
B.  Hook up hoses to the coil and steam cleaner
C.  Fuel generators, steam cleaner
D.  Prime steam cleaner with glycol
E.  Pump glycol soln through the system
F.  Ignite steam cleaner
G.  Watch ice melt, baby-sit equipment, watch coil

(the coil needs to be watched closely to keep it from

"wandering" in order to make a straight hole - this is
accomplished

by tying the coil off to ice screws set into the ice and

periodically loosening the rope)
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ien Parameter

We have come up with several parameters based on the
information we have been given and the calculations and conclusions
we have made. These parameters are as follows:

1) Weight- <= 1600 Ibs

2) Space-  as small as possible
3) Hole- 2 m diameter
6 m deep

4) Time- <= 12 hrs
5) Melter-  submersible
6) Energy- 6.8 x 109
7) Energy source- something to create this amount of energy!!!
8) Fuel- enough to feed this energy source!!!
9) Tubing-  high conductivity (on melter)
low conductivity (to melter)
10) Pump-  submersible
rate = 19.2 gallons/min (4 hrs)
11) Fluid- low conductivity
non-freezable
12) Tripod-
13) Control mechanism-
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Needs and Specifications

Minimize weight- <1600 ibs

Minimize volume-  as small as possible

Create hole through ice - 2 mdiameter
6 m deep

Minimize Melting Time- <12 hrs

Withstand the environment - submersible

Minimize total energy required (i.e. maximize efficiency) - 6.8 x 109

Provide enough energy to melt ice- something to create this amount of energy!!!
Minimize fuel requirements - enough to feed this energy source!!!

Remove melted ice - submersible pump with rate of 19.2 gal/min.
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lce Melter- Steam

(NP W AR\

mmulm

...................................................................................

...............................................................................

Specs from Karcher

(800) 643-3366
'Steam Cleaner called ?

...................................................................................................

..........................................................................................

..................................... Temperature s~ sleam
.................................. Pressure . ......500.0
..................................... Output rate . .......1.80gall/min
Tubing 0. 375|n 1.D.
‘Weight 350.01bs
‘ ) 0.32in
0. 008128m
250.00:
0.0005§m

Mass rate flow of steam

DO 81 [N [~ O [~ [P |8 K N =[O

N ININ NI [N =t [t b [t [ed |t |t [t |=d |t

' 264.2 gall = 1 mr3

Rate (mm/BOs) (m

I

N
-~

(AYISR N
O W |

(o]
—h

.......................................

& [0 J0 K K e 10 oo e
© [0 |00 [N o jon & 3 [

0.5783076m/s

‘Vs*As/Ac
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lce Melter- W

ater
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H20

Spééé'frbhi'NS'fC_"Férmtéc -
Dick
(41 5) 483 7394

2100 o_psn Clrcumfrance,

Pressure

1.44E+07N/m*2

'Output rate

4.50gall/min # Holes

450.0§Ibs

..0.375:in 1.D. __Hole Dia

0. 0008382:m
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Fuel = Rate * Tlme

F= . 42.75Galons
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‘Burner Syste’m'

Cup 21

_____________________________ Cups with refractory

_Ignition Tubes

Burner Manifold

.......................................................................................................................................................

) 801bS/ft 00

3.001bs/ft

.....................................................................................................................................................................................................................................

0.50§lb/cach

Mixing T

b [od ok o [md [k |t fd |t [a
O (00 |~ [ | |[Ba K2 |V [= 1O

20

Gas Distributer

LA Dustnbuter

._Flcxrble Tubmg

" ‘Genarator

Mlxmg Blower

Gass Pressure Regulator

60.001bs

_15. OOlbs

125’00 ibs

....pump

5.00ibs

30. OOfIbs

{3887 m"2

............. 0.25in

- 0.006350:m

Densrty

Volume

Steel 347

7978.00:Kg/m”3

m”~3

0008818

%’Dcnsny

fStco:l 347

7978.00:Kg/m”3

Surface Area’

0.8029'm*2

0.25in

;Thnckness

" 0.606350'm

...............................................................

0.0051mA3

Weught in Melter

302. 84Ibs




A | 8 l c D I E F | G | H
1 s ?
g ....... Volume Of CaVlty .......................................
4
: John"'MuhIh'é"r' ........................................................................................................................................................................................................................
6 08-15- 90
7 :
8 3
9 Volume = 1/3*7t*r"2*h o
10 Surface Area = =n'r(r"2+h*2)*s e
11 % | : |
12 Volume = n*rA2*h S NS o
13 Surface Area = 2'n'r h a I )
14 : . = ?
15 Circle ___wSurface Area = 112 |
16 i
17
18 0. 0885%
19 .0.0297: 0-6552 ........................
20 .0.0002. 0.0212
21 1......0.0450
22
S e
24 | oo Cylinger ¢ 1. 06000 0.0733: Q0973 0 0.2994 @~
25 | bl 0.42000 007383 0.04006  0.2073
26
Y2 S S N s N A N A N
28 | .. ...Cucie # : oA 0.04800 i, 0,00000
2 O | 0004 b 0000
30
B o UtsIde: i 001208
B o e
33
34 Cone1 + Cyhnder2 + (Cyhnder1 2)/2 - Conez +Cone3 - Coned+ Cone"
38 oo enes
36 Surface Afea of tOP...p,l__a,.t,e_:___qut_s_'d_e__.f,.C,one? ,,,,, anga_.t.,@n@é ..... Cone5 + Circle1- Circle!
37
38 e 92 130€M™3
39
B O T
. X o oy U s Ny N D
42 | o .oWeightof system Needs L0 D€ e e
43 | 0+ = Densityorwater= = 1000.00:Kg/m”3
44 | '_I_‘p__tgli_nght = Total Volue * Densuy of Water 130.18Kg
45 1 Kg =2.2046 lbs 286.9911bs




Burdett

C
BURDETT ENGINEERING DATA SHEET No. eu-

Gas Cock w/Adj. Orifice

Gas Pressure Regulator

Gas Cock 7
AN

Jl’r:ssure Gas

6"w.z. min.
S Wec. @IN.

28" w.c. mox.

Bumer
=umer

BURDETT-Mixing Tee

Air Blower
115V - 60 HZ

BURDETT RADIANT HEATER

The BURDETT Rudiant Meater is @ small conveniently packaged system
for providing intense radiant heat.

It is inexpensive to purchase, economical, and simple to operate. It
utilizes a small air blower and low pressure gas for its operation.

The Radiant Heaters are available in sizes ranging from 10,000 BTU/Hr
w to 140,000 BTU/ Hr.

L Infra Red

BURDETT MANUFACTURING COMPANY. 7460 W 100TH PL.. BRIDGEVIEW. IL

July 11, 1988




C |
BURDETT ENGINEERING DATA SHEET No. c

30,00 -——— - -  — - )

No. 21 Burner

25,000 -
2 Turns Open
20,000 é? .
)
—
@ -
'
5,
15,000 &
3
_l
9
Si
10,000 @j
5 000 ~ Note: Factory Setting is 2 Turns Open
’ Unless Otherwise Specified.
0 ] 2 3 N 7 §
Mixture Pressure - Inches W. C. ———%=
. : -~
| i
| = -
! = l _
i Z;
\ — i
\ / . \
h P i S - !
3 ;
=
1

No. 21S Burner

BURDETT MANUFACTURING COMPANY. 7460 W 100TH PL.. BRIDGEVIEW. IL

Rev'd. 6/12/81

DATE 18SVED
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Projection of Burners and Radiant Heat on Cone Surface

- 1.36m &

Each circle represennts the area a burner radiates heat

@8.772"
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Manifold Layout

< 1.36 m &

®\ Each circle represennts a burner
@32.993"
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Total Energy Needed

Ice Melter prolec ......

3-Jul- 90{

OolwlmiNiIO &K NI 1O

-y
':M—A-A.A-A—A_A-A _A_Amm\‘mm’“u"_‘

...................................

"1054.35 J =

1BTU'

N N[N NN NN
Q0 [~ [N [On & |2 [N

N
w0

(4
o

""\Volume1

Ko
Volmue2 . Total Volume ‘

K 1D |G
D [N [~

Qc=

Qp’

‘Qf=L'M

& |&n [ KO K KO [ 0
-~ 1O O [0 [ [ | [

Gt-  487407764.21cal |

42
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A B c D E F G H I J
1 - —
2 Infared Burners
¥ |
4 1 J
5 |John Muhiner )
6 los-01-90 i
7 .
8 |Specifications:
10 Metal Kind Emmﬁm%"mwmmmmgﬁ
11 600/ 800l 1000 1
12 Copper Stably Oxidized 0.50{ 0.58 0.80 '
13 379f 366 352{W/m*K
14
15 Comercial Bronze{(30% Cu & 10% Al) ? ? ?
16 ? ? ?
17
18 Stainless Steel _|Highly Oxidilzed 0.63{ 0.67 0.70
19
20 AlSi 347 Stably Oxidized 0.87! 0.88 0.89 ‘
21 18.9] 21.9 24.7IW/m"K |
22 |
23 '
1 24 Burners Radiant Heat4in W.C.  16i0 W.C.18I0. W. (BT U/hr
25 10-L_Series:
26 55-60% 34500{ 4300050000 12in long each
7 |
28 Cup Series I
29 21: 40% 20000} 25000 4 per foot
0 30: 40% 50000i 62000 3 per foot
31
32
33 Environment Temperature Desired 1000{°F 500i°F
34 537.78{°C 260{°C
35 810.93|K 533K
36 Conduction at this Temp 8110{BTU/hr-ft*2 1575(BTU/hr-ft*2
37 ( Calculations for this 2?2277?27?
38
39
40 Surface Area of Cone SA.= [rr(r*2+h*2) = 1.3887im"2
41 Radius 0.65im 14,9512
42 Height 0.20im
43 Angle 17.104°
44
45 Total Energy Needed to melt ice: ideally = 2158031.00
46 0.50}efficienc Q= 4316062.00
47
48 Propane
49 1 galion = 91500.00{BTU
50 24 gallons = 1.00ibottle
51 1 bottle = 180.00}Ibs
52
53
54
55




EC,

A B c D F G H | J
| 56 |Inputs:
57 ' Type of Burner Cup 21
Pressure 6.00lin W.C.

59 BTU rate 25000{BTU/hr

60 % Radiant Heat 0.40

61

62 Number of Burners 1 8i Burners |
63 |

64 Type of Metal Steel 347

65 Absorbtion Coef 0.89

66 Thickness (L) 0.25}in

67 0.006350im

68 Conduction (k) 24.700W/m*K

69

70 External Temperature -20.00{°C

71 | -4.00{°F

72 Desired Internal Temp 1000} °F

73 811K

74 Conduction Coef 811OBTU/hr-ft"¥2

75

76 Conversion Factor 1.10i (Due to density of air and other things

77 Absolute Zero Temp 465i°F

78

7 9 [Calculations:

80 Energy to Metal Surface
| 81 BTU rate from burners = # of burners * BTU rate per burner

82 Rate = {450000{BTU/hr

83

84 Energy rate at S.A.= (%radiant heat’BTU rate from burners*absorbtion Coef of metal+
85 Conduction Coef of heat * Surface Area

86 qrad = 160200 q= 281431{BTU/hr

87 gcon = 121231

88 Time to melt ice = Total Energy needed / Energy rate at S.A.

89 T = 15.34}hrs

90

91 Temperature outside of S.A. = Temp inside S.A. - (q"L)/(k*S.A.)

92 Tout =| 758.83|K

93 485.68{°C

94 906.22i°F

95

96 Sensible heat = BTU rate from burners - Energy rate at S.A.

97 q(S.H.)j168569{BTU/hr

98

99 SCFM 70°F = Sensible heat / (conversion factor *(Internal temperature °F - 70°F))
100 SCFM 3 164.78}ft*3/min !
FCR 0 N SR T U (v v SO S S————— S— |
102 SCFM Ex Temp = (SCFM 70°F)(Absolute Zero+Ex Temp)/(Absolute Zero+Stan Temp)
103 SCFM £ 141.99{ft*3/min

104

105 Total amount of BTU = BTU rate of bumers1 * Hours Q= 6.90E+06{BTU
106 | I

107 Bottles of Propane = Total amount of BTU /91500/24 Bottles = 3.14
108 i |

109 Weight = # of Bcinles * 180|bEs Weight = 565.68}Ibs
110




A 8 C D E F G H |
111
112
113 Cup 21 6in 347 1000°F
1 1 5|Table of Calculations
116 # Burners / Rate | gatS.A.  [Total BTU {Time (hr) # of Bottles :Weight (lbs)
117 2 50000 139031} 1552195 31.0thr 0.71 127.23
118 4 100000 1568311 2752048 27.5ihr 1.25 225.58
119 6 150000 1746311 3707301 24.7ihr 1.69 303.88
120 8 200000 192431f 4485831 22.4/hr 2.04 367.69
121 10 250000f 210231} 5132526 20.5ihr 2.34 420.70
122 12 300000 228031} 5678260 18.9ihr 2.59 465.43
123 14 350000 245831} 6144963 17.6fhr 2.80 503.69
124 16 400000f 263631F 6548644 16.4ihr 2.98 536.77
125 18 450000/ 281431: 6901261] 15.3(hr 3.14 565.68
126 20 500000 299231 7211926 14.4ihr 3.28 591.14
127 22 550000 317031} 7487706 13.6/hr 3.41 613.75
128 24 600000f 334831f 7734165 12.9ihr 3.52 633.95
129 26 650000 352631} 7955742 12.2ihr 3.62 652.11
130 28 700000f 3704311 8156025 11.7ihr 3.71 668.53




A o c 0 C'it o F G H [ J
117 50% efficiency Cup 21 6in 347 1000°F .
118 | e e et S
119 Table of Calculations f L
120 #Burners / Rale qatS.A. Total BTU Time (hr) # of Bottles Welght (Ibs)
121 2 50000 146356 14745120 29.5hr . 0.67 120.86
122 4 100000 164156 2629251 26.3hr 1.20 215.51
123 6. 150000 181956 3558063! 23.7hr 1.62 291.64
124 8 200000 199756 43213441 21.6hr 1.97  354.21
125 10 250000 217556 49597241 19.8hr 2.26 406.53
126 12 300000 235356 5501542 18.3hr 2.51 450.95
127 | 14 350000 253156 5967168 17.0hr 2.72 489.11
. 128 16 400000 270956 6371616  15.9hr 2.90 522.26
129 18 450000 288756 6726201 14.9hr 3.06 551.33
130 20 500000 306556: 7039608 14:1ht . 3.21 577.02
131 | . 22 . 550000 324356: 7318617/ 13.3hr . 3.33 599.89
132 | 24 . 600000 342156 7568596| 12.6hr 1 3.45 620.38
1 133 .26 650000 359956 7793852/ 12.0hr = 3.55 638.84
134 | 28 700000 377756 7997879 11.4hr 3.64 655.56
. A [B] C l D | E [ F ] 6 [ H 1 | P
L 117 50% efficiency Cup 21 4in Steel 34_7 1000°F o
118 S SO S S
119 Table of Calculations e
120 # Burners /_Rate gatS.A. Iq_t_a‘l_ﬁf_l’_”l,_l ______ Tlme (hr) # of Bottles Weight (Ibs)
121 2 40000/ 142796 1209019 30.2hr 0.55: 99.10
122 LAl .80000: 157036 2198769 LIS S 1.00 ... 180.23
; : 1.38 ‘

200000%

N

[\

""""""""""""""""" 360000 256716 6052544 2.
130 20 400000 270956 6371616 2.
131 22| . 440000 285196 6658825 15.1hr . 3.0
299436 6918716: 14 3
______ 313676 7155011 3.2
327916 7370784 3.
A [ B] | l E | F T 6 [ H ] i [ J
117 59 % gfflgigngx an 21 an Cu 1QQD° ‘ -
118 | -
119 Table of Calculauons B e
120 | #Bumers / Rale qatSA. T q.tal,,..ﬁm ...... T-me (hr) # of Bottles Weight (ibs)
121 2! s 1492873 29.9hr 0.68 122.37
122 4 ..2688205 f
123 .6 .3666887
124 .81 1.4482926
125 10, 250000 208556 5173756
126 12/ ...300000 224556: 5766139
127 14350000 240556 6279721
—1128 16l ..400000: 256556; 6729243;
12 18| 450000 272556 7125989
130 20 500000 288556 7478736
131 22| .....550000 304556 7794420
IxErae 5477600000 320556 8078591
133 | 26/ 650000 336556 8335742
134 28 700000 352556 8569553




A

P B By
N [~ |t |t

—
O O |0 |~

121

qatSA.  Total 87U Time (hr)  # of Botlles Weight (lbs)

4307494

122

L 124
+ 125

53  .u

160000 81840
200000

........................................................................................................................

8438094
9014373

126

127

128

129

240000

280000
320000

109680
123600

9444375
9777521,
10043225

130

400000

165360

131

132

133

134

..................................................................

.............................................................................

440000

179280

107.7hr 1.96 353.07
9hr 291 524112
5hr 3.47  625.05
7hr 3.84  691.65
1hr 4.10 738.88
anhr 430 77413
Shr . 4.45  801.44
4hr 4.57  823.22
| 840.99
855.77
___________________ 868.26
_________________________________________________________________ 878.95
896.28

%

.Table of Calcula

]
i

tions

0

..................................................................................................

““Time (hr) # of Bottles Weight (ibs)

31hr
28§hr

2239848

3102187

........... >

179756

3841717

4482926

.56

360000

192556

6374346

5539613 :

400000

6729243

....440000
..480000

269356

7050410

282156

7342438

294956

7609120

560000

307756

7853618:




A 18B] c | b 1 E | F | G | H | | )
117 % _eft ° :
118 ?. ] _ :
118 able of Calculations SRR S S —— |
120 Total BTU Tnme (hr) # of Bottles Weight (lbs)
121 2! 50000 36160 5968078 119.4hr 2.72 489.19
122 | T 100000 46160 9350310 93.5hr 4.26 766.42
_JL:_;_‘ 6 1500000 56160 11528033; 76.9hr 5.25 944 .92
124 8 200000 66160 13047432 65.2hr 5.94 1069.46
125 | 10 250000 76160 14167827 56.7hr 6.45 1161.30
; 125 126 | 12 300000 86160 15028147  50.1hr 6.84 1231.82
L 127 14 350000 96160 15709532 44.9hr 7.15 1287.67
128 | . .. . 16 400000 106160 16262546 40.7hr  7.41  1333.00
129 18! 450000 116160 16720345 37.2hr 7.61  1370.52
130 20 500000 126160 17105568 34.2hr 7.79 1402.10 |
131 22, 550000 13..6.4.1...6,9_..1._244‘.35.2..9.31; ......... 31.7hr . 7.94 1429.03 |
132 17717877 29.5hr . 8.07 1452.29 |
133 | .26 . 620004 : .6, ' 18 56 |
134 28 700000 166160 18182784 .0 : 28  1490.39 l
A B I D ] E [ F | G | H | I L J
117 §Q A gfﬂglgncv Cun 21 Bm Steel 347 500 F
118
119 :Table of Calculatlons : [ '
120 # Burner # of Bottles Weight (ibs) ‘{
121 -2 .26 406.08 |
122 | o4 ...100000 999! 1
123 | 6 . ...15000 1
124 | ... 8 200000 99/
125 10 250000
12| 300000
, 450000 : |
130 - 20 500000 200160 10781553 B
131 22 550000 217560.10911192 : |
’ 600000, 234960 11021629 18.4 ‘
850000 252360 11116838 17.thr  5.06 911 |
55000 260760 11799764 16.0nr 15407 918.01 |
A | 8B] I D | E l F_ |1 G | H | | [ J
117 §Q o gffl;lgncv Cun 21 4m Cu 500°F .
118 :
119 Table of Calculauons - ' E
120 | # Byrners / Rate qatSA .Total BTU T|me (hr) # of Bottles ,W_engh__tm_(,lbs)
121 ‘ 126. 4hr 2.30 414.26
122 . 102.4hr  3.73 671.31
123 | 6, 120000 50160 10325997 ©0.MNI .. 4.70. 846.36
124 | 8 160000 58160 118/3/1 L2:2ll 541 .. 973.26
125 113047432 594 1069.46
12 113967921 6.36 1144.91 |
127 , 114709150 52.5hr . 6.70: 1205.67 ;
128 - 16| ...320000: 115318839 ‘hr ....6.98 1255.64 |
129 18 360000 9816015829149 7.21 1297.47
130 20 4000000 106160 16262546 7.41 1333.00 |
131 .22 440000 114160 16635201, 37.8hr 7.58  1363.54 i
132 24 4800005 122160 16959047 ' 7.72  1390.09 |
133 | : : 7.85 1413.37 ;




’ A 8] C [ o ] F 1 G W | 1 3
117 ffi 10- n_ 347 o
118 e
119 Table of Calculations e ; )
— 120 | ~qatSA. Total BTU Time (hr) # of Bottles Weight (Ibs
L 121 2 71052 5224112 60.7hr 2.38 g‘12§3.2)1
122 4/ . ..172000 115944 6402793 37.2hr 2.92 524 82
123 6 .160836 6923494  26.8hr 3.15 567.50
124 8 344000 205728 7216949 21.0hr 3.29 591.55
125 10 430000 250620 7405275 17.2hr 337  606.99
126 | 12 516000 295512 7536382 14.6hr 3.43 617.74
T 127 14 602000 340404 7632909 12.7hr 3.48 625.65
128 | 16 . 688000 385296: 7706942 11.2hr 351 631.72
129 18 774000 430188 7765524 10.0hr 3.54 636.52
— 130 | 20 860000 475080 7813035 91hr 356 640 41
131 | 22, 946000 519972 7852342 | 8.3hr . 3.58 1 643.63
132 i ..564864 6hr 359 646.34
133 ] 28 { .....1118000. 609756 7913593 7 dhr 3.60.  648.66
REY) 28| 1204000 654648 7937918 6.6hr 3.61 650.65
:' A Bl ¢ | o [ € | Ff | Gi H [ 1 4
117 50% efficiency 10-LS 6in Cu S500°F
118 o S D R S
119 Table of Caleulations R R
120 #Burners / Rate qatSA. . T.. Qt.a.!.i.B.T...l.J ....... T ime (hr) # of Botlles Weight (ibs)
121 | 2 86000 51960 7143658 83.1hr 3.25 585.55
122 4 172000. 77760 9 546899 ................................
123 | T 6/ 258000 103560 10752691 41.7hr 490 ¢
— 124 | .8 344000 129360:11477507: 33.4hr . 5.23 ~ 940.
125 | Ho 430000 155160 11961278
126 | . 120 516000 180960 12307103
127 | L 602000 206760:12566622:
~ 128 | 16 688000 23256012768560! 18.6hr 581  1046.60
129 | 18 774000 258360 12930166
130 20 860000 284160 13062426
131 | 22 . 946000 309960 13172669;
132 | 240 1032000
133 ) 26 1118000 361560 13 :
— 134 28 1204000 387360 13415284 6.
AIBICIDIEIF[GNHIl J
117 : 50% efficiency 10-LS Gin 347 50%
118 | e Ili R S
) O S e b L
T:;g Taole o a<ai;rl“Baurners / Rate qatSA. T otal BTU Tume {hry # of Bottles Welght (Ibs)
121 | 2 86000 5224112i 60.7hr 2.38 428.21
122 | i 172000 115944 | 6402793 37.2hr
123 | el 258000 6923494 26.8hr 3.1
124 | ] 8 344000 205728 721 6949 21.0hr - 3.29  591.55
125 | 10 430000 250620 7405275
'Lm_ 120 " "516000. 295512 7536382 14.6hr | 9.4e OLLLH
127 | ie T 602000 340404 7632909
128 ] TUyel 688000, 385296 7706942
T129 | 18 774000 430188 7765524
130 20 860000 475080 7813035
131 22 946000 519972 7852342;  8.3hr 9.98 22999
1321 241032000 564864 7885402 7 6hr . ..3.59 ..646.34
f——a‘_qn Yy 1118000 609756 7913593 74hr




- A_ [ B] c [ D | E | F [ G [ H | I _J
50% efficiency 10-LS 4in 347 1000°F ]
i : i

—t |t |t
|t |
O Q0 |~

Table of Calculations e
#Bumers / Rate qatSA. Total BTU Time (hr) # of Botlles Weight (lbs)
2! 69000 165402 1800517  26.1hr 0.82 147.58
4] 138000 202248 2944988 21.3hr . 1.34 241.39
123 | 6 207000 239094 3736716 18.thr 1.70 306.29
[ 124 o8 276000: 275940 4317007 15.6hr 97 353.85
0‘
2
4

-
N
o

121
122

!
125 | 1 345000 312786 4760582 13.8hr 2.17 390.21
_ 126 1 414000 349632 5110665 123hr 233 41891
1 2

2

127 | . t4 483000 386478 5393995 11.2hr 2.46  442.13
128 | 16 552000 423324 5628003 10.2hr 2,56 461.31 :
129 18 621000 460170 5824537 9.4hr 2.65 477.42 |
1130 20l 690000 497016 5991931 8.7hr 2.73 431.14 ,
' 131 | 22 7590000 533862 6136218 81hr 2 N

.......................................................................................................................................................................................................

897000 RON7884: ARR7224nN: 7 1hr 2 an: enn nn I

—1 133 126

Er m A 535600 570708 6261875 7.6hr 285 51327 |

i AlBIC]DIElF!G]H]I‘J
50% efficiency 10-LS 6in__347 100Q°F

: . { : )
Table of Calculations R S o e
0 # Byrners / Rate qatSA. Total BTU Time (hr) # of Bottles Weight (lbs) .

__0.97 174.37 |

86000 174480 2127363 24.7hr
172000, 220404 3368197  19.6hr

558000 266328 4181107 T6.2h 1,90 T

324000 312252 4754901
430000: 358176 5181556
602000 450024 5773630 " 9.6hr

6880000 495948
7740000 541872 6164989
860000 587796 6314803

946000. 633720 6442905

7344000

1032000679644 6553694
1118000 725568 6650459
1204000771492 6735704

A [B] C - E ' F [T 6 [ H | ) J
- 1117 r Iggm efficiency 10-LS 4in 347 500°F ‘
118 S R s s S . S '
119 Table of Calculations U A L R
— 120 # Bumers / Rate qatSA.~Total BTU Time (hr) # of Bottles Weight (lbs)
: 69000 62178 4789642 69.4hr 2.18 392.59

..1380000
..207000. 13421
..276000: 170232

345000 7219610 . ]
414000 242268 7375522 _17.BAr 336 . ‘
e e Tiiars hr ....3.36 60455
582000 314304, 7580144

621000 350322 7650898
690000, 386340 7708459
7759000, 422358 7756203
828000 458376 7796444

897000 494394 7830821

566000 E30412 7860530 8.1hr

. 6065616: 44.0hr - 2.76: 497 .18
665674 ; ;
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Appeadiy D

Sysiem Specificati

1.3 m diameter hole (R =0.65 m)

4.2 m deep

1600 1b max. (727 kg)

Max. meltng time: 24 hrs

Lifedme of 10 holes (3 years)

Operating Temperature range: 50°C to 20°C

Energy B

Qin = qflow t Gheat + Qmelt

aflow = Pwater Y flowAexitCp(Tout - Tc) where
Pwater = 1000 kg/m> (Assumed constant)

Viow = Velocity of the flow of melted water [?]

Aexit = 2mRAX [m?]

Cp,water = Heat capacity of water at Tout[kgLK]

Tout = Outlet temperature (K]
T, =273 K (Melting point of water)

Qfiow is the energy lost as the water flows out from beneath the melter.

dx
Qheat = pice,Ad_t Cp (T¢ - Tice ave) Where
Pice = 920 kg/m3

A = Area of melter [mz]

cé—’: = Downward velocity of the melter [m/s]

) . J
Cp.ice = Average heat capacity of the ice ['kg_K]

T, =273 K (Melting point of water)

273 + 223

Tice,ave =248 K ((Tice,ave) = 3

Qheat is the energy required to raise the temperature of the ice to 273 K

dx
Qmelt = PiceAat— H¢ where

Pice = 920 kg/m3
A = Area of melter [mz]

%—’: = Downward velocity of the melter [m/s]

H¢ = Latent heat of fusion for water [l(ig]

Qmelt is the energy required to melt the ice at 273 K
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qfiow = hhA(Th- Tm) - hcA(Tm - T¢) and

Also, from convection,

qmelt + Gheat = h¢A(Tm - T¢)

where T = (H'%I—C—)

This two-step process was required since the properties of water change drastically
between 273 K and 373 K.

Heat Convection Coefficients
The convection ceofficient h is a function of temperature and flow velocity. The equation

for h T, that is, have determined at the temperature T, is:

ht= “/;—T) [0.66 Re'/2 P(T)!/?] where
X

_ ViowR _ (Flow Velocity)(Melter Radius)
Re = v(T) - Kinematic Voscocity

P(T) = Prandtl Number (Physical Characteristic)
Solution by Iteration

To solve this system of equations, I created an Excel spreadsheet to solve the equations
iteratively given an initial guess for some values. The solutions converged to a particular
solution in all cases.

{Reynold’s Number]

The equations used are:

dx
1) qfiow: piceAa{Cp(Tﬂow - T¢) = bhA(Th - Triow) - hcA(T 10w - T¢)
dx dx

2) Qmelt + Gheat: PicerAaT + PiceAaT Cp (25 K)=hcA(Trow - Te)

R2dx |,

A de
3) b hnc = S0 0664 | = (Pe(Tgn,e))'

V(Tehe)

The unknowns are: Trow and c(iix_t

. . dx
The convection coefficients are dependent on Tfow and a
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Also, many of the material properties of water are temperature dependent

The iterations were as follows:

1. Assume values for Tqow and %%

2. Determine water properties at the appropriate film temperatures.

Th+T T +T
Teh = h flow chz ﬂgz c

2

Uow




Heat Transfer

Rad= (.65 Radius of hole (m) in the -
height= 0.2 Height of Cylindrical Pyramid (m) Antarctic Ice Melter
Area= 1.389 Area of hole (m”"2) :
rho= 920 Density of ice (kg/m”3)
Tc= 273 Temperature of Ice (K)
Hf= 333458 Heat of Fusion (J/Kg)
depth= 4.2 Depth of hole (m) | 4
Shell Exit Downward Convection Coefficients _ ,Inﬁ,w,_o@m ,. s .
Temp. Temp Velocity Hot H Cold Fluid | Ice |Melting] Total }|Efficiency|{
Th Tinfl dx/dt 1 Tfh hh xlﬂ,oﬂ hc qflow @:2: ,an: ] qin_| Mwo I
280 276.47 0.000005]1 278.2 | 476.98}| 274.7] 464.88 98 630] _2239] 2967 v qm.u.xv‘ 221.95]
Th Tinfl ][ dxatl ][ Tt [ hh |[ Tic | hc ][ affow | qheat [amelt | ain ][ % ][ Hours
300 286.09 0.0000211{1 293.0 | 527.63}| 279.5] 481.51 TE,_ 24601 8750! 12650 69.2% 56.81
Th Tinfl |[dwdil [ T | hh [ Tre | he ][ Gfiow | qheat | gmelt % ][ Hours
325 297.57 0.000040]] 311.3 | 587.34f| 285.3] 501.25 5272 @N.@Q\e v 29.07
Th Tfl [ axdtl ][ Tm [ b [ T T he ][ afiow. —% [ Hours ]
350 308.50 0.0000601| 329.3 | 642.821| 290.8] 519.88|1 11413 57.9%
Th Tinfl [ awatl J[ Th [ hh |[ Tic [ hc ][ qfiow ] —% ] 1
373 318.18 0.000079{{ 345.6 | 692.33]] 295.6] 536.17{{ 19070 54.1% 14.78]
~Th Tinfl ][ awal ][ T | wh [ T T he [ qfiow | %[ THours ]
400 329.26 0.000102]| 364.6 | 752.73}| 301.1] 554.55} 30620 50.3% ._ 1.48
Th Tt et TR T hh TR T he [ afow % [ Hours ]
425 338.86 0.000122|} 381.9 | 796.86]1 305.9] 570.18]{ 43187 47.4% 9.54}
T Tinfl [ dwatl [T w1 "Tie T he ][ afiow % ][ Hours
450 345.92 0.000138[} 398.0 | 781.97i 309.5] 581.54f{ 54099] 16557] 58890} 129545 45.5%
Th Tinfl |[dx/dtl_ [Tt | h [ Trc | he ][ afiow | gheat [ amei | am 1%
475 350.27 0.000148]1 412.6 | 716.04]] 311.6] 588.46]] 61165 17703] 62968[141836 44.4% 7.89
| | | ] | | l | | | |
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